Abstract -
Introduction
Many variable speed induction motor drive applications require high torque dynamics and low torque ripples to meet the requirements of high productivity and improved accuracy. In commercial variable speed induction motor drives, two control schemes based on field-oriented control (FOC) [1] [2] [3] and direct torque control (DTC) [4] have been widely for more than two decades.
DTC [5, 6] has proved to be a very effective method for the control of induction machines. As compared to field oriented control (FOC), DTC implementation minimises the use of machine parameters [7, 8] while maintaining the advantages of fast transient response characteristics. Nevertheless, these two control techniques have a major disadvantage as they exhibit ripples at high torque and flux values which also results in high acoustic noise [9] .
In the early 90s, a new structure of multilevel converters has been proposed [10] [11] . This structure is based on the series connection of switching cells between which a floating voltage source is inserted. These floating voltage sources are realized with capacitors. The series multicell structure can be adapted to all types of configurations including chopper or inverter with a capacitive medium point, half bridge or full bridge.
Multilevel inverters are becoming essential to achieve high quality output voltages with a substantial reduction in the THD (Total Harmonic Distortion). The overall size of the converter is also reduced and consequently these converter types are becoming very popular and are being used in a wide range of industrial applications in recent years [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
In [25] , a sliding mode control (SMC) based on indirect field oriented control (IFOC) was applied to control the speed of an induction motor using a dSPACE DS1104 interface card. A medium voltage five-level NPC (Neutral Point Clamped) inverter-fed induction motor for industrial applications has been studied in [26] [27] . The inverter is supplied by a Z-type source to provide more flexibility for the DC current. The induction motor control is based on DTC. A comparative study between a conventional PI (proportional-integral) and fuzzy logic control (FLC) of the induction motor has been studied in [28] . In [29] , model predictive control (MPC) is applied to a multicell converter. The control strategy has been tested both in simulations using Matlab/Simulink and validated experimentally using a dSPACE card.
A comparative study of three DTC control methods for a squirrel cage induction generator (SCIG) was presented in [30] . Namely, the classical DTC, the DTC-SVPWM fixed frequency inverter with two level and three-level NPC topologies. The switches are controlled by three-level SVPWM which takes into consideration the balancing the DC link voltage.
In this paper, rotor flux oriented vector control of the induction motor based on a series multicell converter is proposed to improve the quality of the three-phase currents and consequently minimising torque ripples. This paper is organized as follows: Section 2 describes the topology of the flying capacitor multilevel inverter (FCMI) driving an induction motor and presents the generalized switching law for FCMI based on the phaseshifted PWM (PSPWM) strategy. Section 3 describes the arrangement for a general simulation model and develops the control design of the induction motor based on indirect field oriented control (IFOC) using both a classical PI and FLC controllers. Section 4 presents the control strategy of the switching based on PSPWM technique. The simulation results for the conventional and multicell inverters topologies controlled respectively by PI and FLC controllers are presented in the Section 5. Finally, conclusions and future perspectives are discussed in Section 6.
Structure and Control Scheme of the Multicell Inverter Fed Induction Motor Drive
The power circuit of the variable speed induction motor drive considered in this paper is presented in Fig. 1 . Fig. 1 Power circuit of the multicellular inverter induction motor drive
Overview of the multicell converter
The type of converter selected in this paper is the multi-serial converter based on the so-called Meynard With the symmetric PWM control, this structure has the following properties: (i) natural stability, (ii) minimum number of commutations (only two per cell in a period), (iii) low harmonic level, (iv) voltage constraints equally distributed on each switch. However, in order to analyse the properties of multicell series converter in steady state, the following assumptions are made to simplify the study: (i) the switches are supposed ideal, (ii) the dead-time will be taken equal to zero and (iii) the voltage and current sources are assumed ideal.
The general scheme for three-phase multicell converter associated with an induction motor is illustrated in Fig. 2 . This study focuses on a three phase five-level multicell inverter topology to highlight the following two results:
(i) Increased voltage levels: By increasing the level of the structure, the stress on the IGBTs can be reduced, consequently the multicell inverter provides more levels than the NPC or cascade inverter topologies.
(ii) Increased bandwidth: The multicell inverter allows an increase in the harmonics switching frequency [31] in proportion with the number of cells. Hence the harmonics will be shifted farther from the fundamental.
PSPWM switching control
The PSPWM control is based on a frequency behavior of the converter. The main idea is to achieve binary signal with identical phase shift of 2 / . The duty cycle of these signals is calculated in order to adjust the output current in order to control the speed of the induction motor. The switching between modes generates a harmonic in the current. The capacitor voltages are naturally balanced around their baseline values. The PWM control is usually generated by comparing a triangular and reference signals. In PSPWM, a sinusoidal reference voltage waveform is compared with a triangular carrier signal to generate the gate signals for controlling the switches of multicell-inverter. The PSPWM control method leads to reduced switching losses. Note that it is possible to obtain different switching cycles.
The control of the multicell inverter is obtained by a PSPWM strategy. When all the cells are controlled with a square wave signal, the following results are obtained:
 With an the same phase shift between adjacent cells, the output voltage uses simply two levels and the harmonics are multiples orders of ( being the switching frequency), then the offset is: For optimal operation, the control signals must have the same phase shift of 2 ⁄ . There are several solutions to achieve this and in this paper a simple method is presented.
In the classical PWM, the control signal for each cell is generated by the intersection between a triangular carrier frequency and the modulating sinusoidal signal of frequency . The addition of harmonic of order 3 increases the maximum amplitude of the fundamental in the output voltages. Fig. 3 shows that the reference voltage is composed of two sinusoids one for the fundamental and the other for the harmonic of order 3. The new reference signal for the modified PSPWM is:
This is called sub-optimal control.
The maximum value of occurs for 1/3√3 and is found as:
Therefore, with sub-optimal control, the maximum amplitude of the fundamental output voltage corresponding to is:
The basic principle of the conventional intersective modulation can directly be used to control a cell with series switches (Fig. 4) . The classical and modified PSPWM provide the control (variable t ON ) as shown in Fig. 4 which is illustrated for a switching frequency 600 .
For example, consider a three-phase inverter with three-cells ( This will improve the quality of the three-phase currents and make the filtering of these harmonics easier.
4) The harmonic spectrum of the line-to-line output voltage of phase A of the multicell are shown in The strategy of indirect vector control of the induction motor was based on a classical PI control designed using a pole placement technique. The stator flux is maintained at its rated value ( ) for the system to operate in the range of the base speed. For speeds higher than the base speed, the flux cannot be maintained constant; it must be reduced to limit the voltage at the machine terminals. Under these conditions, the reference flux is defined by:
Simulation results
The models for classical and multicellular inverter topologies with IFOC strategy based on the technique of SPWM, classical and modified PSPMW have been developed and implemented using Matlab/Simulink
SimPowerSystems toolbox. The proposed circuit model consist of a three phase power source, the multilevel inverter and the induction motor with IFOC strategy.
The main objective of this simulation study was to analyse and compare the performance of the multicell-inverter and a conventional two-level inverter with respect to torque ripples. Different simulation scenarios are presented to evaluate the performance of the two different controllers. 
A. Transient and steady-state performance

B. Quality of the current and torque ripples minimisation
Electric power quality has become an important issue in recent years within the scientific and industrial communities. This concept determines the parameters that define the properties of electricity produced in normal conditions, in terms of continuity of supply and voltage characteristics (symmetry, frequency, amplitude, waveform).
Some electric equipment are considered as non-linear loads because they generate current harmonics with frequencies that are integer multiples of the fundamental frequency, or sometimes arbitrary frequencies. These harmonic currents can result in harmonic voltages at the connection points which may pollute consumers appliances connected to the same network. These harmonics also cause overload of the transmission lines, unwanted tripping, accelerated aging and performance degradation of the distribution system equipment.
Consequently it necessary to reduce dominant harmonics below 5 % as specified in the IEEE harmonic standards [24] . Fig. 9 shows the responses of the rotor speed, the electromagnetic torque and the stator current of phase A of the induction motor with the conventional two-level and multicell three-level inverters. The same load torque of ± 10 N is applied to the induction motor. A significant reduction of the torque ripples has been achieved with the threelevel multicell inverter as compared with the two-level inverter. Fig. 9 Responses of rotor speed, the electromagnetic torque and the stator current of phase A of the motor (a) classical inverter (b) multicell inverter 2 (three level).
The harmonic spectrum of the current of phase A of the motor are shown in Fig.10 for the classical and multicell inverters. The THD is 5.12 % for the classical inverter and 4.44 % for three-level multicell inverter. Fig. 10 Waveform of the stator current of phase A and harmonic spectrum.
(a) Classical two-level inverter (b) Multicell three-level inverter. Fig.11 shows the response of the rotor speed, the electromagnetic torque and the stator current of phase A of the induction motor for three-, four-and five-level multicell inverter. The torque disturbance ± 10N was applied.
There is a considerable reduction in the torque ripples as the number of cell is increased. These results clearly demonstrate that the five-level multicell inverter gives improved transient response and better quality of the output currents. Fig. 11 Reponses of the rotor speed, electromagnetic torque and stator current the phase for the multicell inverter (a) three-level (b) four-level (c) five-level.
The harmonic spectrum of the stator current of phase A of the motor with the three, four and five level multicell inverters respectively are shown in Fig.10 .
The IEEE standards [24] are used to compare the performance of the three inverter topologies with respect to the quality of the output currents and the reduction of torque ripples. From Fig.12 and Fig.13 the following can be noted: (i) the five level multivell inverter produced the lowest THD as compared to the other converters (ii) the proposed PSPWM technique leads to the lowest THD compared to classical strategy PSPWM (iii) the five-level topology produced the lowest torque ripples and rejected harmonics towards the high frequencies. 
Conclusion
In this paper a comprehensive simulation study of the induction motor based on the multicell-inverter topologies was presented with different control strategies to improve the quality of the current and minimise torque ripples.
The indirect field oriented structure was used with the orientation of coordinate system ( , ) on the rotor to 
APPENDIX A
The parameters and values used in the simulation model are listed in Table A. 1. 
APPENDIX B: Dynamic model and IFOC strategy of the induction motor
The equivalent circuit of the induction motor is shown in Fig. ( ). The rotor voltages and are set to zero since the rotor is short-circuited, is the rotor speed of the generator, and , and , are respectively the flux and rotor current components in d and q axis of the Park frame.
The fluxes are given by:
The dynamic model of an induction machine is described by the following equations written in the dq synchronous reference frame:
Where: ; ; ;
With σ is the coefficient of dispersion and is given by The closed-loop transfer function is
C. 2
The controller parameters can be determined using pole placement. Let the desired closed-loop poles be 
C. 2 FLC controller
The following structure shows the diagram of an FLC controller: The input and output universe of discourse are normalized [-1.1]. Thus there should be adaptation gains for the desired dynamics, but there is no systematic technique for the determination of these gains, and hence a trial and error procedure is used. The selected membership functions have a trapezoidal and triangular ends in the universe of discourse (Fig. (C.2) ).
The defuzzification is based on the center of gravity method. For the membership functions were chosen for each variable triangular and trapezoidal shape as shows in Fig.(C. 2). 
